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Quantitating Protein Synthesis, Degradation,
and Endogenous Antigen Processing
various forms of physical or chemical stress that rapidly
increase protein turnover. Cell growth or activation is
also expected to increase the protein disposal rate due
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Sebastian Schuchmann,2 Frank Buttgereit,2
Jack R. Bennink,1 and Jonathan W. Yewdell1,* to increased rates of protein synthesis and also the
redistribution of cellular resources to new tasks.1Laboratory of Viral Diseases
National Institute of Allergy Extending the previous work of Wheatley (1989), we
recently provided evidence that a significant fractionand Infectious Diseases
Bethesda, Maryland 20892 (upwards of 30%) of proteins are degraded by protea-
somes shortly after their synthesis, presumably due in2 Department of Rheumatology
and Clinical Immunology large part to their inability to achieve a functional state
(we have termed such proteins defective ribosomalCharite´ University Hospital
Humboldt University products [DRiPs]) (Schubert et al., 2000). One explana-
tion for the apparent inefficiency in protein synthesis is10117 Berlin
Germany that it is less costly for cells to degrade a high fraction
of defective proteins than it is to synthesize proteins
more efficiently. To evaluate the costs, we need to know
the rate of protein synthesis and its energetic costs. WeSummary
also need to know the number of proteasomes and the
turnover rates required for degradation of such a largeUsing L929 cells, we quantitated the macroeconomics
of protein synthesis and degradation and the micro- fraction of nascent proteins.
The importance of understanding protein degradationeconomics of producing MHC class I associated pep-
tides from viral translation products. To maintain a in quantitative terms is heightened by its contribution
to immune surveillance. The vertebrate immune systemcontent of 2.6  109 proteins, each cell’s 6  106 ribo-
somes produce 4  106 proteins min1. Each of the uses the peptide products of proteasomal degradation
to monitor the presence of viruses and other intracellularcell’s 8  105 proteasomes degrades 2.5 substrates
min1, creating one MHC class I-peptide complex for parasites (Rock et al., 2002). A fraction of proteasomal
peptides find their way to class I molecules of the majoreach 500–3000 viral translation products degraded.
The efficiency of complex formation is similar in den- histocompatibility complex (MHC) which display them
on the cell surface for perusal by T cell receptors ondritic cells and macrophages, which play a critical role
in activating T cells in vivo. Proteasomes create anti- CD8 T cells (TCD8).
Many quantitative aspects of antigen processing aregenic peptides at different efficiencies from two distinct
substrate pools: rapidly degraded newly synthesized uncertain. What fraction of viral peptides derives from
DRiPs? What is the efficiency of generating peptidesproteins that clearly represent defective ribosomal
products (DRiPs) and a less rapidly degraded pool in from proteasomal substrates? Do these numbers vary
widely between different substrates? What are the rateswhich DRiPs may also predominate.
of peptide generation and class I transport? What is the
capacity of the class I presentation system?Introduction
In this study we provide answers to these questions,
show that the rate of class I peptide complex formationContemporary cell biology is dominated by reductionist
approaches. Faced with the daunting complexity of can be used to estimate the rate of DRiP formation
(referred to henceforth as the “DRiP rate”) of a givencells, cell and molecular biologists typically examine
isolated components of systems without accounting for substrate, and relate the economics of antigen pro-
cessing to the overall protein and energy economies oftheir place in the larger scheme. Despite the fact that
quantitative aspects of systems are critical to their un- the cell.
derstanding, they are frequently ignored.
A case in point is protein synthesis and degradation, Results
clearly two of the more important tasks performed by
cells. There has been remarkable progress toward un- The Protein Economy of L-Kb Cells
derstanding how proteins are degraded by eukaryotic In the studies that follow we primarily use mouse L929
cells (Hershko and Ciechanover, 1998; Rock and Gold- cells. To employ the 25-D1.16 mAb for quantitating pep-
berg, 1999). Scant attention has been paid, however, tide class I complexes (Porgador et al., 1997), we used
to quantitative aspects of degradation. Clearly, protein cells transfected with a cDNA encoding the mouse H-2
synthesis and degradation must be balanced for cells Kb class I molecule (termed L-Kb cells).
to maintain viability. The degradative machinery must Our first (and easiest) step in characterizing the pro-
have sufficient baseline capacity to dispose of damaged tein economy of L-Kb cells was to determine their protein
or defective proteins produced by cells under normal content. This amounted to 200 pg cell1 as determined
conditions and sufficient excess capacity to cope with by the Biorad DC protein assay or 2.6 109 copies cell1
of a typical protein defined as consisting of 466 amino
acid residues (the average length in the EMBL human*Correspondence: jyewdell@nih.gov
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Figure 1. Determination of Protein Concentrations in L-Kb Cells
(A and B) Two-fold serial dilutions of lysates from L-Kb cells infected with rVV-expressing NP-GFP or uninfected control cells were immunoblotted
for ribosomes (A) or proteasomes (B). Purified ribosome and proteasome preparations were used to generate standard curves to determine
proteasome and ribosome concentrations.
(C) Accumulation of chimeric NP-GFP molecules in L-Kb cells infected with rVV-expressing NP-GFP (squares), KEKE-NP-GFP (X), R-NP-GFP
(triangles), or OVA (circles). Note that nonfluorescent OVA defines autofluorescence levels.
(D) (Right side) L-Kb cells (104 cells/lane) infected with rVV-expressing chimeric NP-GFP 2.5 hr p.i. and immunoblotted with NP-specific
antibodies. (Left side) Purified influenza nucleoprotein added to uninfected cell lysates was run on the same gel to generate a standard curve.
(E) (Right side) L-Kb cells (cell number per lane indicated) infected with rVV-expressing NP-GFP or KEKE-NP-GFP 5 hr p.i. and immunoblotted
with anti-NP antibodies. Uninfected cell lysates were added to samples to maintain 104 cell equivalents per lane. (Left side) Same as for (D).
proteome). Next, we used quantitative Western blotting does not account for DRiPs, however, some of which
are degraded during pulse labeling (Schubert et al.,in conjunction with purified ribosome and proteasome
standards to determine copy numbers. L-Kb cells pos- 2000). To estimate the fraction of newly synthesized
proteins degraded under these conditions, we radiola-sess 6  106 ribosomes and 106 proteasomes cell1
(Figures 1A and 1B). We need to correct these figures beled cells in the presence and absence of proteasome
inhibitors. These data indicate that the true rate of pro-to account for subunits that are not present in functional
assemblies. For ribosomes, this should be minimal since tein synthesis is 25% greater than the measured rate
in the absence of proteasome inhibitors, or 4  106the half-life of assembled ribosomes (10 d) is much
longer than their assembly time (Nissen-Meyer and Eik- proteins min1. This value is consistent with the ribo-
some count; given a typical translation rate of 5 aminohom, 1976). There is no comparable data for protea-
somes in L929 cells, but it has been reported that 75%– acid residues s1 (Palmiter, 1975), each ribosome can
produce a typical protein every 93 s, which amounts80% of proteasome subunits are present in functional
assemblies in a rapidly dividing mouse cell line (Nandi to 3.9  106 proteins cell1 min1 if all ribosomes are
translating proteins at this rate. Our data indicate thatet al., 1997). Extrapolating this result to L-Kb cells results
in a copy number of 8  105 functional proteasomes there are few idle ribosomes in L-Kb cells.
Can we account for the fate of the 4  106 proteinscell1.
We next measured the rate of protein synthesis by produced each min? Based on recovery of TCA insolu-
ble material in pulse-chase experiments, we find thatmeasuring the incorporation of 3H-Leu into TCA insolu-
ble material by L-Kb cells labeled in normal growth media 1.3  106 proteins min1 are degraded by proteasomes
within the first 2 hr of their synthesis (1  106 min1 in(see Experimental Procedures). The apparent rate of
protein synthesis was 3.3  106 proteins min1. This the first 10 min), 4.7  105 proteins min1 are secreted
Economics of Protein Synthesis and Degradation
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Table 1. Chimeric Protein Construct Names and Descriptions
Name Protein Description
NP-GFP NP-SIINFEKL-EGFP Stable, nuclear form of protein
R-NP-GFP Ub-R-NP-SIINFEKL-EGFP Posttranslationally degraded (t1/2  10 min)
KEKE-NP-GFP NP-KEKE-SIINFEKL-EGFP Misfolded NP; forms an unstable cellular pool of protein (t1/2  70 min)
OVA Chicken egg ovalbumin Full-length ovalbumin; secreted protein; no cellular protein pool accumulates
MSIINFEKL SIINFEKL peptide Minimal Kb binding peptide with amino terminal met from initiating AUG
or released from cells within an hour of their synthesis, The first construct expresses NH2-terminal NP fused
with the chicken egg ovalbumin-derived Kb bindingand a further 5  105 proteins min1 are degraded over
the next 22 hr based on a measured turnover rate of SIINFEKL peptide and enhanced green fluorescence
protein (GFP) at the COOH terminus (this chimera is1.1% of long-lived proteins per hour (see Experimental
Procedures). This would leave 1.7  106 proteins min1 termed NP-GFP). In the second chimera, a sequence
consisting largely of repeated Lys-Glu residues is in-to create a daughter L-Kb cell, which is remarkably close
to the number of proteins (1.8  106 min1) needed to serted into NP-GFP (KEKE-NP-GFP) (Anto´n et al., 1999).
The KEKE motif causes NP-GFP to misfold and is de-double cellular protein content to support a cell division
time of 24 hr. graded by the ubiquitin (Ub)-proteasome system with a
t1/2 of70 min in L-Kb cells (data not shown). In the thirdWe next determined the energetic cost of protein syn-
thesis in L-Kb cells. When protein synthesis was blocked chimera, the initiating Met of NP-GFP is replaced by Arg
fused at the COOH terminus of Ub (R-NP-GFP). Ub isby adding cycloheximide to cells, oxygen consumption
was reduced by 34%. We measured the efficiency of cotranslationally cleaved by Ub hydrolases, and the re-
maining protein is degraded by proteasomes with a t1/2producing ATP from O2 under these conditions to be
75% (using oligomycin to block the mitochondrial of 10 min in L-Kb cells (data not shown).
Following infection of L-Kb cells with rVVs, GFP syn-ATPase), meaning that protein synthesis consumes
45% of cellular ATP supplies. This is a minimal esti- thesis was monitored by flow cytometry at 10 min intervals
for 5 hr. Between 50 and 60 min after adding VV-NP-GFPmate of the cellular energy that is devoted to protein
synthesis since, using the medium required for measur- to cells, we first detected GFP, whose rate of accumulation
accelerated until peaking approximately 30 min later (Fig-ing ATP consumption, protein synthesis was diminished
relative to cells incubated in growth medium. This under- ure 1C). Detection of the modified NP-GFP chimeras dis-
played similar kinetics, but with a gentler slope that eventu-scores the high price that cells pay for protein synthesis,
5 ATP per peptide bond or 2300 ATP per typical pro- ally decelerated as the rate of degradation matched the
rate of synthesis. The character of these curves is com-tein. The cost of DRiPs in energetic terms is correspond-
ingly high: a DRiP rate of 25% corresponds to 11% pletely consistent with the measured biochemical half-
lives of the respective proteins (Figure 1D).of total cellular energy usage.
In addition, we found that treating L-Kb cells with the We measured the amount of NP-GFP fusion proteins
by quantitative Western blotting (Figure 1E). This re-proteasome inhibitor lactacystin did not result in any
detectable reduction in oxygen consumption (data not vealed that 1 fluorescent unit corresponds to 1  104
molecules, and therefore the cellular concentration ofshown). Although proteasome mediated protein degra-
dation consumes ATP, the amount of ATP used would NP-GFP 5 hr after infection is 8  106 molecules cell1.
Starting at90 min postinfection, NP-GFP accumulateshave to be on the order of 150 ATPs substrate1 to
account for even a 1% reduction in oxygen consump- at a rate of 2.2  106 molecules hr1.
We confirmed the validity of these figures by metaboliction, given a proteasome-mediated degradation rate of
1.8  106 proteins min1. A 1% reduction in oxygen radiolabeling. VV-NP-GFP infected cells were radiolabeled
with [35S]-Met. After resolving [35S]-Met labeled proteinsconsumption is below the sensitivity of detection of the
method used. Even if proteasome ATP consumption is via SDS-PAGE, we used a PhosphorImager to determine
the fraction of radioactivity incorporated in NP-GFP.larger than this, it might not be inhibited by proteasome
inhibitors, since the energy is expended by the 19S sub- Taking into account the Met content of NP-S-GFP, we
calculated that NP-GFP production ranged from 1.4%unit which may continue to function while attached to
inactivated 20S proteasomes. to 2.5% of the total protein synthesis in rVV-infected
L-Kb cells in several different experiments. Based on the
overall rate of protein synthesis determined using [3H]-Quantitating Antigen Processing in L-Kb Cells
Step 1: Quantitating Substrate Synthesis Leu to label a different aliquot of cells in the same experi-
ment, we calculated that cells produced betweenSeveral recent studies suggest that a large portion of
the peptides presented by MHC class I molecules on 2.1–3.8 106 NP-GFP molecules hr1, which agrees with
the Western blot data.the cell surface are derived from nascent proteins (Schu-
bert et al., 2000; Reits et al., 2000; Khan et al., 2001). Radiolabeling further revealed that the rate of NP-GFP
synthesis attained maximal levels approximately 30 minTo gain a more quantitative understanding of peptide
generation, we used a panel of recombinant vaccinia earlier than fluorescence as determined by flow cytome-
try. The acquisition of fluorescence by GFP expressedviruses (rVV) that express chimeric proteins containing
influenza nucleoprotein (NP), a 498 residue protein with in bacteria under anaerobic conditions upon exposure
to oxygen demonstrates similar kinetics (t1/2  27 min)an extremely high metabolic stability as measured by
standard means (Table 1). (Heim et al., 1995), suggesting that the rate-limiting step
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Figure 2. Kb-SIINFEKL and Chimeric NP-GFP Levels in rVV-Infected L-Kb Cells
(A) L-Kb cells were infected with rVVs expressing NP-GFP (squares), KEKE-NP-GFP (X), R-NP-GFP (triangles), or OVA (circles). Surface Kb-
SIINFEKL complexes were quantitated by direct staining with Alexa Fluor 647-conjugated 25-D1.16 mAb.
(B) Surface Kb-SIINFEKL levels from (A) expressed as the percent of maximum expression for each construct. Graph symbols are the same
as for (A).
(C and D) GFP levels in L-Kb cells infected with rVV-expressing NP-GFP (C) or KEKE-NP-GFP (D) and treated 140 min p.i. with protein synthesis
inhibitors (squares) or left untreated (circles).
in GFP maturation in eukaryotic cells is also oxidation the rate of complex formation from R-NP-GFP plateaus
at110 min postinfection, the rate of complex formationof the fluorophore.
Step 2: Quantitating Peptide Class I Complexes from KEKE-NP-GFP accelerates throughout the infec-
tion period. This suggests that complexes are derivedWe quantitated Kb-SIINFEKL complexes (hereafter re-
ferred to as complexes) using 25-D1.16 mAb conjugated from two pools of KEKE-NP-GFP, one that is degraded
rapidly and the other more slowly. As the latter poolto Alexa Fluor 647. By relating fluorescence intensity to
a standard curve, we could determine the number of accumulates, the absolute rate of degradation in-
creases, and the rate of complex generation increasescomplexes present on the surface of rVV-infected cells
shown in Figure 1C. In addition to the rVVs described in step.
Note that the peptide generation curves for R-NP-GFPabove, we used rVVs encoding chicken egg ovalbumin
(OVA) (the source of SIINFEKL) or MSIINFEKL. and KEKE-NP-GFP eventually cross. Since the rates of
synthesis of the two proteins are similar (if anything,As seen in Figure 2A, 3  103 complexes are gener-
ated after a 5 hr infection with either VV-NP-GFP or slightly more R-NP-GFP is synthesized) (data not shown),
this indicates that the efficiency of generating SIINFEKLVV-OVA. Although R-NP-GFP is degraded rapidly, the
number of complexes increases only 3-fold. By 5 hr from the two proteins differs. Calculation of the slopes
reveals that by 4 hr postinfection (p.i.), SIINFEKL is gen-postinfection a similar number of complexes are pro-
duced from KEKE-NP-GFP as from R-NP-GFP. Interest- erated at twice the efficiency from KEKE-NP-GFP than
from R-NP-GFP. This cannot be attributed to differencesingly, the kinetics of peptide-class I complex generation
markedly differs between these two substrates. While in local flanking sequences, since the proteins differ only
Economics of Protein Synthesis and Degradation
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by the Ub extension (which is removed immediately) and OVA is not simply due to general effects of PSI on
antigen processing or Kb availability or export. Normal-and the insertion of the KEKE sequence 165 residues
upstream from SIINFEKL. ization of the data reveals that the relative rates of pro-
duction of complexes from NP-GFP and KEKE-NP-GFPIn Figure 2B, Kb-SIINFEKL levels are replotted as a
percentage of the maximum surface levels at the end of are highly similar, reaching a rate of complex formation
half of that observed in untreated cells (Figure 3E). Thisthe infection, revealing that the kinetics of Kb-SIINFEKL
production from OVA and R-NP-GFP are remarkably suggests that these peptides derive nearly equally from
rapidly and slowly degraded substrate pools at this timesimilar. Following a lag period of 90 min p.i., rates rapidly
reach maximal levels in parallel. This strongly suggests postinfection.
that nearly all peptides from OVA derive from DRiPs. By
contrast, the relative rate of complex formation from Time Required for Peptide Generation and Trafficking
NP-GFP is highly similar to KEKE-NP-GFP. This sug- We further examined the kinetics of antigen processing
gests that, as with KEKE-NP-GFP, peptides are derived using the rVV-expressing MSIINFEKL. Although it is not
from rapidly and slowly degraded forms of NP-GFP, with technically feasible to measure the translation rate of
the latter being the more efficient source. this peptide, it is under the control of the same VV pro-
moter as the other inserted genes, and its rate of transla-
tion should be similar. The peak rate of complex forma-Contribution of Newly Synthesized Proteins
tion from MSIINFEKL is 5-fold higher than that ofto Antigen Processing
R-NP-GFP. Thus, even the near complete degradation ofWe further examined the contribution of nascent pro-
R-NP-GFP does not come close to producing saturatingteins to complex formation by treating cells with protein
amounts of peptide.synthesis inhibitors (PSI) 140 min after the start of infec-
Complex formation from MSIINFEKL ceases 30 mintion. Protein synthesis halted within a minute of adding
after the addition of PSI (Figure 3F). Since peptides arePSI to cells, as determined by cessation of incorporation
degraded rapidly unless protected by MHC class I mole-of [35S]-Met. There was an immediate retardation in the
cules (Malarkannan et al., 1995; Reits et al., 2003), asso-rate of GFP accumulation. GFP continued, however, to
ciation must occur within a few minutes of their synthe-accumulate at a lower rate for 40 min. This is consistent
sis. Consequently, virtually all complexes exit thewith the lag between radiolabeling and fluorescence
endoplasmic reticulum (ER) and transit the secretorynoted above.
pathway within 30 min of their formation. Notably, theImportantly, the level of NP-GFP fluorescence re-
PSI-induced cessation of complex formation frommained essentially unchanged for the remainder of the
R-NP-GFP (and OVA) demonstrated a 20 min lag relative2.5 hr incubation period (Figure 2C). By contrast, the
to MSIINFEKL. This is consistent with the 10 min half-addition of PSI resulted in an immediate leveling off of
life of R-NP-GFP and suggests that OVA DRiPs are de-KEKE-NP-GFP fluorescence for 30 min, which then
graded with similar kinetics.declined with a t1/2 of 180 min (Figure 2D). We interpret
the plateau to indicate a balance between the acquisi-
Quantitating Antigen Processing in Professionaltion of fluorescence by nascent GFP and degradation.
Antigen-Presenting CellsNotably, the fluorescent t1/2 is considerably longer than
We next studied the efficiency of antigen processing inthe measured biochemical t1/2 of KEKE-NP-GFP (70
VV-infected professional antigen-presenting cells (pAPC):min). This indicates that there is heterogeneity of KEKE-
bone marrow dendritic cells (BMDCs), the DC-like cellNP-GFP with regard to fluorescence and, further, that
line DC2.4 (Shen et al., 1997), and macrophages (Mφ).fluorescence is associated with greater metabolic sta-
CD11c BMDCs and DC2.4 cells expressed NP-GFPbility.
with similar kinetics and at similar levels as L-Kb cells,We examined complex formation in the same experi-
while CD11b macrophages present in peritoneal exu-ment. In cells expressing R-NP-GFP, addition of PSI
dates expressed NP-GFP at 45% of the levelsdid not affect complex generation for 50 min, when it
achieved in L-Kb and DCs (Figure 3G; data for L-Kb cellsabruptly ceased (Figure 3A). Since peptides are gener-
are replotted from Figure 1 for purposes of comparison).ated rapidly from this substrate, this demonstrates that
Notably, the generation of Kb-SIINFEKL complexes from50 min are required for peptide processing, complex
NP-GFP now demonstrated nearly linear kinetics (Figureformation, and transporting complexes to the cell sur-
3H) strongly suggesting that peptides derive principallyface. This is in close agreement with the lag between
from DRiPs. The efficiency of generating Kb-SIINFEKLthe times required to achieve the maximal synthetic rate
complexes from NP-GFP, R-NP-GFP (Figure 3I), KEKE-of VV-encoded proteins (90–100 min) and the maximal
NP-GFP (data not shown), and OVA (data not shown)rate of peptide generation from R-NP-GFP (140–150
by DCs and Mφs was similar to L-Kb cells, as determinedmin). OVA behaved identically to R-NP-GFP (Figure 3B),
by calculating the ratio of cell surface complexes gener-demonstrating that, for this protein, peptides are derived
ated per quantity of protein substrate biosynthesized.nearly exclusively from a newly synthesized pool.
The production of complexes from NP-GFP and
KEKE-NP-GFP demonstrated a different behavior. Like Discussion
R-NP-GFP and OVA, both demonstrated the 50 min lag
in which complex formation continued identically to un- Macroeconomics of Protein Synthesis
and Degradationtreated cells. However, rather than stopping at this time,
complexes accumulated at a reduced rate for the next We have measured rates of protein synthesis and degra-
dation and the numbers of ribosomes and proteasomes90 min (Figures 3C and 3D). This demonstrates that the
abrupt abrogation of complex formation from R-NP-GFP in a model-cultured cell (Table 2). Although several of
Immunity
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Figure 3. Generation of Surface Kb-SIINFEKL Complexes on rVV-Infected Cells
(A–D and F) Surface Kb-SIINFEKL levels on L-Kb cells infected with rVVs expressing OVA (A), R-NP-GFP (B), NP-GFP (C), KEKE-NP-GFP (D),
or MSIINFEKL (F) and treated 140 min p.i. with protein synthesis inhibitors (squares) or left untreated (circles).
(E) Surface Kb-SIINFEKL levels on cells expressing OVA (circles), NP-GFP (squares), KEKE-NP-GFP (X), and R-NP-GFP (triangles) following
treatment with protein synthesis inhibitors 140 min p.i. Surface Kb-SIINFEKL levels are expressed as the percent of maximum 25-D1.16 staining
for each construct.
(G–I) DC-like DC2.4 cells (squares), bone marrow-derived dendritic cells (BMDC) (X), and peritoneal exudate macrophages (PEC) (triangles)
were infected with rVV-expressing NP-GFP (G and H) or R-NP-GFP (I). GFP levels (G) and Kb-SIINFEKL complexes (H and I) were quantitated
as described for L-Kb cells. GFP and surface Kb-SIINFEKL levels for L-Kb cells (circles) are replotted from Figures 1 and 2 for the purpose of
comparison.
these values have been published before, it has always sonably well with the actual values we have determined.
These values have some interesting implications.been in a piecemeal manner (separate laboratories
working with different cells) that prevents integrating Using textbook values relating the rRNA:tRNA or cellu-
lar protein:tRNA ratios (Alberts et al., 1994), we can cal-the data in anything but a theoretical manner (Yewdell,
2001). Remarkably, the theoretical values correlate rea- culate that L-Kb cells possess 10–25 copies of tRNA
Economics of Protein Synthesis and Degradation
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Table 2. The Protein Economy of L-Kb Cells
Production
Proteins per cell 2.6  109
Ribosomes per cell 6  106
Translation rate 4  106 min–1
% Required for cell division (24 hr) 43%
% Secreted or released 12%
% Ribosomes engaged in translation 95%
tRNA per ribosome 10–25
% Cellular metabolism devoted to protein synthesis 45%
Destruction
Proteasomes per cell 8  105
Overall degradation rate 1.8  106 min–1
Newly synthesized proteins 1.3  106 min–1
Long-lived proteins 5  105 min–1
Proteasome activity 2.5 substrates degraded min–1
Creative destruction
Efficiency of SIINFEKL-Kb complex production 1/440–1/3000 substrates degraded per complex created
per ribosome. Since a complete set of tRNA comprises 11% of cellular energy and whatever additional energy
costs (probably minor in comparison) are incurred dur-32 species whose abundance differs by 10-fold, it means
that the lower abundance tRNAs may be present at a ing DRiP destruction. Protein synthesis is believed to
consume between 20% of the energy generated byratio of 1 copy for every 20 ribosomes. The low ratio of
tRNA to ribosomes makes it easy to understand how adult mammals and a higher fraction in growing juveniles
(Rolfe and Brown, 1997). A 25%–30% DRiP rate trans-codon usage governs translation rates (Sharp and Li,
1986; Liljenstrom and von Heijne, 1987). If ribosomes lates into wasting 6% of food consumption due to
inefficient protein biosynthesis. On top of this must betranslate proteins in compartments that limit access to
tRNA, as evidence suggests (Stapulionis and Deutscher, added the energy devoted to creating the infrastructure
for synthesizing (ribosomes, chaperones, tRNA, etc.)1995), then such compartments must contain multiple
ribosomes. We can estimate that there must be 20 and destroying (proteasomes, Ub, etc.) DRiPs.
Could this be? As discussed previously (Yewdell etribosomes per compartment for each compartment to
contain at least one of each tRNA species. al., 2001), the true DRiP rate in vivo may be considerably
lower than we measure in vitro. We must entertain theWe find that L-Kb cells possess approximately eight
times as many functional ribosomes as proteasomes. possibility, however, that high DRiP rates are a general
feature of cells. Protein biosynthesis may simply be aThis precludes the pairing of a proteasome with each
ribosome to create a translation/degradation complex. difficult task, and investments in increasing efficiency
may not be worth the cost. Alternatively (and riskingTo the extent that proteins are truly degraded cotransla-
tionally (Turner and Varshavsky, 2000), this means that heresy), perhaps we overvalue efficiency in biological
systems. Only2% of the human genome encodes pro-proteasomes must be recruited to ribosomes. Given the
density of ribosomes in the cytosol, the inter-protea- teins. Though some noncoding DNA must be essential,
retro transposons seem to be a clear-cut case of ineffi-some-ribosome distance should never be much greater
than the diameter of ribosomes, and given the velocity ciency. Rube Goldberg would be proud of mitochondria,
which maintain a complete translation system and ge-of proteasome diffusion in the cytosol (Reits et al., 1997),
the time will be very short relative to the speed of trans- nome to produce just 13 proteins. Ultimately, selection
pressure in evolution is exerted by other similarly ineffi-lation.
Dividing the number of substrates degraded min1 cient organisms and not arbitrary standards of efficiency
conjured by human intelligence.(2  106) by the number of functional proteasomes (8 
105) reveals that each proteasome degrades an average
of 2.5 substrates min1. Taking the average size of a Microeconomics of MHC Peptide Ligand Generation
Obtaining a valid estimate of the efficiency of generatingpeptide generated by the proteasome as 7–8 residues
(Kisselev et al., 1999) and the average size of a protein class I ligands from protein substrates requires accurate
knowledge of the numbers of complexes formed andas 466 amino acids, the proteasome must be capable
of cleaving at least 150 peptide bonds min1. This repre- substrates degraded. Obtaining the latter number is not
a simple task for proteins traditionally thought of assents a minimal estimate of the turnover rate, since
proteasomes (whose levels can only be increased rela- metabolically stable, due to the uncertain proportion of
nascent protein diverted to the DRiP pool. Montoya andtively slowly due to their slow assembly times), must
have residual capacity for degrading proteins when cells del Val (1999) estimated the efficiency of generating an
antigenic peptide from VV-encoded-galactosidase butare damaged by chemical or physical stress.
Similar to other cells (Schubert et al., 2000), 25% of limited their analysis to the amount of protein synthe-
sized as determined by enzymatic activity compared toproteins synthesized by L-Kb cells appear to represent
DRiPs. Since protein synthesis accounts for 45% of ATP purified -galactosidase. They did not attempt to deter-
mine the DRiP fraction of -galactosidase, leaving openutilization, this means that DRiP production consumes
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Table 3. Processing Efficiency and DRiP Rate
Protein Molecules Degraded per DRiP
Experiment Cell Type Surface Kb-SIINFEKL Complex Rate
1 L-Kb 1638 18.7%
2 L-Kb 1214 25.4%
3 L-Kb 994 31.5%
4 L-Kb 2292 20.9%
5 L-Kb 2031 27.8%
6 L-Kb 1772 29.0%
7 L-Kb 3122 37.4%
8 L-Kb 2872 30.9%
9 L-Kb 2026 22.6%
Avg 1995 27.1%
1 DC2.4 1780 44.8%
2 DC2.4 1226 23.0%
3 DC2.4 1211 25.7%
Avg 1406 31.2%
1 BMDC 1464 40.4%
2 BMDC 4400 55.8%
Avg 2932 48.1%
1 PEC 6481 42.6%
2 PEC 2960 22.0%
Avg 4720 32.3%
the question of the efficiency of peptide generation per (Table 3), with an average efficiency of 1 complex gener-
ated per 1995 R-NP-GFP molecules degraded. The effi-substrate.
ciency of peptide generation was similar in pAPCs (TableDetermining the true DRiP fraction for any given pro-
3), averaging 1 per 1406 substrates degraded by DC2.4tein poses technical hurdles (Yewdell et al., 2001). This
cells, 1 per 2932 substrates degraded by BMDC and 1is much less of a problem, however, for R-NP-GFP,
per 4720 substrates degraded by Mφs.which in being nearly completely degraded within min-
The findings with VV-MSIINFEKL in L-Kb cells helputes of its synthesis exhibits a DRiP rate of nearly 100%.
explain this low efficiency. The much higher levels ofSince NP-GFP, R-NP-GFP, and KEKE-NP-GFP are syn-
Kb-SIINFEKL complex formation observed using this rVVthesized at comparable rates, we can use NP-GFP as
demonstrates that TAP or MHC class I molecules area reference protein to calculate the rate of R-NP-GFP
not limiting in the processing of NP-GFP constructs.synthesis. Although an uncertain amount of newly syn-
The maximal rate of complex formation from MSIINFEKLthesized NP-GFP is diverted to DRiPs, this can be ac-
(200 complexes min1) was achieved by 50 to 60 mincounted for by calculating the difference in the rate of
postinfection. Given the 30 min delay for complex ap-Kb-SIINFEKL complex formation from the two proteins
pearance at the cell surface, this means that peptideand dividing this by the difference in the rates of synthe-
achieves near saturating levels between 20 and 30 minsis of stable proteins, which is essentially equal to the
postinfection. At this time, MSIINFEKL peptide is ex-apparent rate of NP-GFP synthesis. By taking these
pressed at a rate of 10,000 molecules min1 based onrates shortly after the rate of production of complexes
comparison to NP-GFP synthetic rates. Therefore, thefrom R-NP-GFP peaks, we can minimize the contribution
observed 200 complexes min1 are created with anof peptides from the slowly degraded cellular NP-GFP
efficiency of 2%.pool.
Since 1 of every 50 peptides synthesized survives toExamination of Figure 3 shows that between 160 and
form a stable surface Kb-SIINFEKL complex whereas180 min postinfection, 970 complexes are generated
complexes are generated from protein with an efficiencyfrom R-NP-GFP by L-Kb cells. Over the same period,
of 1 in 2000, this suggests the rate of suitable peptide306 complexes were generated from NP-GFP. The cor-
production from protein is 1 in 40. Cascio et al. (2001)responding increase in stable NP-GFP protein, which
reported that the efficiency of producing SIINFEKL or
must be taken 50 min earlier (110–130 min postinfection)
N-extended forms that can be further trimmed (cells are
to allow for processing and transport of peptide-class I
rich in amino exopeptidase activity against oligopep-
complexes, was 6.6 105 molecules synthesized. Thus, tides but lack carboxypeptidase activity) from OVA by
6.6  105 more R-NP-GFP molecules were degraded incubation with standard or immunoproteasomes is ap-
than NP-GFP over this time period to generate an addi- proximately 1/16.
tional 664 Kb-SIINFEKL complexes. We can therefore Given some wiggle room then, we can account for
calculate the efficiency of complex generation: the efficiency of SIINFEKL production—proteasomes
produce appropriate precursor peptides 2.5% of the970  306
6.6  105
 1/994. (1) time, and only 2% of these will survive the perils of
the cytosol and voyage into the ER to find class I mole-
Over nine independent experiments this number was cules, a net efficiency of .05% or 1/2000. Although the
comparative data set is limited, SIINFEKL is producedrelatively constant, ranging between 1/994 and 1/3122
Economics of Protein Synthesis and Degradation
351
Figure 4. Possible Fates of Newly Synthe-
sized Protein Molecules
(A) Properly folded nascent protein molecule.
Stable, with long t1/2. Protein is fluorescent
due to properly folded GFP moiety. Repre-
sented by non-DRiP fraction of NP construct.
(B) Defective ribosomal product. Highly un-
stable, with t1/2  10 min. Targeted for rapid
degradation by the proteasome. Virtually all
R-NP behaves as a DRiP, as well as a fraction
of newly synthesized NP and KEKE-NP mole-
cules.
(C) Improperly folded nascent protein mole-
cule. Protein fails to fold to native conformation.
GFP moiety may or may not fold properly,
resulting in fluorescent and nonfluorescent
protein populations. Unstable, with t1/2  70–
180 min. Predominant fate of non-DRiP frac-
tion of KEKE-NP.
more efficiently than other defined determinants ex- analysis, which was not used to demonstrate the identity
of synthetic and natural Listeria-derived peptides. Thepressed under similar circumstances (Anto´n et al., 1997,
1998; Montoya and del Val, 1999). This is consistent amount of p60 introduced into the cytosol was not deter-
mined directly but was based on the rate of secretion ofwith previous calculations, indicating that the overall
efficiency of peptide generation from degraded mole- p60 by extracellular bacteria. This was measured using
antibodies that may not recognize all forms of secretedcules is on the order of 1/10,000 (Yewdell, 2001).
This is a far cry from previous determinations of the p60. Notably, the t1/2 of p60 in J774 cells measured using
these antibodies was 90 min while peptide loading ofefficiency of proteasome-mediated peptide generation
from bacterial proteins secreted into the cytosol of in- class I molecules was virtually complete within 30 min
of addition of a bacterial protein synthesis inhibitor. Thisfected J774 cells (a Mφ-like reticulum cell sarcoma),
which was determined to be as high as one class I suggests a discrepancy between the antibody reactive-
p60 and p60 that provides antigenic peptides.peptide complex generated for every three L. monocyto-
genes p60 proteins degraded (Villanueva et al., 1994; Although the efficiency of peptide generation from
endogenous viral proteins appears to be relatively low,Sijts et al., 1996). What could account for this discrep-
ancy? Probably real differences in processing efficiency it may still be sufficient to serve the purposes of the
immune system. A key feature of many viral infectionscombined with experimental errors. It is unlikely that
macrophages are generally more adept at processing is the nearly complete replacement of host mRNA trans-
lation with viral mRNA. Since TCD8 require only tens toendogenous antigens, since we find that peritoneal Mφs
are actually less efficient than L-Kb cells and DCs in hundreds of class I peptide complexes for activation,
this, in combination with a high DRiP rate, should enablegenerating Kb-SIINFEKL complexes from R-NP-GFP. It
is possible, however, that Mφs possess specialized ma- TCD8 recognition of infected cells in a time frame that
enables lysis of infected cells prior to completion of thechinery that enables high efficiency processing of bacte-
ria and other phagocytosed antigens. It was recently infectious cycle.
reported that phagosomes fuse with portions of the ER
in Mφs (Gagnon et al., 2002). Since proteasomes appear Biosynthesized Proteins as Sources of Peptide
Khan et al. (2001) reported that generation of an anti-to participate in the processing of p60 (Zwickey and
Potter, 1999), any gains in processing efficiency would genic peptide from a protein requires continued produc-
tion of mRNA encoding the protein, as shown over thehave to entail export of bacterial peptides to the cytosol
from the ER-phagosome and their reimportation into the course of hours after blocking transcription. We show
that the kinetics of Kb-SIINFEKL complex generationER-phagosome or ER.
Fully acknowledging the seminal importance of the from OVA (its natural protein source) under normal con-
ditions and after blocking protein synthesis behavesquantitative studies by Pamer and colleagues, we note
that they may have overestimated the number of pep- exactly as predicted for a short-lived DRiP. This provides
conclusive evidence for the validity of the DRiP hypothe-tides produced and underestimated the amount of pro-
tein degraded. Differences between naturally processed sis for the generation of peptides from a specific, geneti-
cally unmodified gene product.peptides and their synthetic counterparts will lead to an
overestimation of the number of peptides generated by Unlike OVA, SIINFEKL production from NP-GFP con-
tinues at a reduced rate after blocking protein synthesis.cells if, as is often the case, TCD8preferentially recognize
the naturally processed versions. Side chain modifica- Over the same interval, GFP levels remain virtually con-
stant when measured with an extremely high degreetion can often only be detected by mass spectroscopic
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of precision in individual cells by flow cytometry. We yields a calculated efficiency of 1 Kb-SIINFEKL complex
generated per 440 KEKE-NP-GFP molecules degraded.interpret this to mean that peptides derive from a nonflu-
orescent subpopulation of NP-GFP that is degraded If this efficiency applies to the pool of nonfluorescent
NP-GFP discussed above, we can calculate that the 447relatively slowly. This interpretation is fully consistent
with the acceleration of peptide production as the infec- complexes generated from the slowly degraded pool
in the last hour of infection (1365 total complexes minustion period proceeds. In this manner NP-GFP behaves
like KEKE-NP-GFP, which provides a model for a slowly the 918 complexes from rapidly degraded DRiPs using
the initial rate) would represent the degradation of 2.0degraded substrate. (Figure 4 illustrates the possible
conformational states and fates of the chimeric NP pro- 105 substrates, which represents 2.5% of the total NP
pool at this time.teins we utilized.) Even KEKE-NP-GFP demonstrates
two forms, since its biochemical decay is significantly We can use these values to bolster our conclusion
that after blocking protein synthesis complexes are gen-faster than its decay in fluorescence when protein syn-
thesis is halted. The nonfluorescent form of NP-GFP erated from nonfluorescent NP-GFP. Over the last 100
min of the infection in the presence of protein synthesismay never have been properly folded, in which case it
can be considered a slowly degraded DRiP. The abso- inhibitors (when GFP levels are stable), 300 complexes
were generated, which would represent degradation oflute stability of NP-GFP fluorescence in the presence of
PSI suggests that this is the case, but we cannot rule 300  440  1.3  105 substrates. If these molecules
were fluorescent, this would represent 13 fluorescentout the possibility that peptides derive from a pool of
native NP-GFP that unfolded well after translation. units, which is well within the precision of our measure-
ments.If class I peptide complexes are produced with similar
efficiency from rapidly degraded NP-GFP DRiPs and The more efficient generation of class I peptide com-
plexes from KEKE-NP-GFP than from R-NP-GFP sug-R-NP-GFP, we can calculate the percentage of nascent
NP-GFP that is diverted to this pool. To limit the contri- gests that proteasomes display heterogeneity in their
capacity to generate class I peptide ligands. Little isbution of the more slowly degraded cellular substrate
pool, we use the number of complexes generated be- known about functional differences between protea-
somes—given their abundance and involvement in myr-tween 110 and 130 min postinfection with NP-GFP:
iad cellular processes it is likely that proteasomes dis-
(306 complexes)  (994 substrates/complex)  play considerable heterogeneity in function, in addition
to those attributed to the alterations associated with3.04  105 substrates. (2)
immunoproteasomes.
Dividing the number of rapidly degraded proteins by the
total number of NP-GFP molecules synthesized gives Experimental Procedures
us the DRiP rate:
Cells and Viruses
L-Kb and DC2.4 cells were provided, respectively, by Sheil (West(3.04  105 substrates)
(6.6  105 NP)  (3.04  105 DRiPs)
 31.5%. (3)
Virginia University, Morgantown, WV) and Rock (University of Mas-
sachusetts Medical School, Worcester, MA). Mφs elicited from
C57BL/6 mice by intraperitoneal injection of 1 ml 3% (w/v) thiogly-As seen in Table 3, this ranged from 19% to 37% over
collate solution were harvested 5–6 days postinjection and usednine experiments for L-Kb cells, with an average value
immediately. BMDC obtained from femurs were propagated in me-of 27%—remarkably similar to the overall DRiP rate of
dia supplemented with 20% FBS and 10% supernatant from X6325%. Similar calculations for pAPCs reveal a compara-
cells transfected with murine GM-CSF. Nonadherent cells were re-
ble range of DRiP rates. moved on days 2 and 4. Adherent cells were used for assays on
As can be seen in Figure 2A, the rate of Kb-SIINFEKL days 6–7 after harvest.
rVVs expressing SIINFEKL-containing proteins have been describedproduction from KEKE-NP-GFP accelerates as the size
(Anto´n et al., 1999). NP-GFP fusion proteins contain SIINFEKL pep-of the cellular KEKE-NP-GFP pool increases, eventually
tide at the C terminus of NP followed by ARDPPVAT followed byovertaking the rate of production from R-NP-GFP. This
EGFP. Cells were infected at a multiplicity of infection (MOI) of 10is only possible if Kb-SIINFEKL complexes are generated
for 15 min at 37C with constant agitation in balanced salt solution
from the cellular KEKE-NP-GFP pool more efficiently containing 0.1% bovine serum albumin (BSS/BSA). Cells were then
than from the short-lived DRiPs. incubated at 37C in growth media for the remainder of the assay
in the presence of 25 g/ml cytosine arabinoside. Protein synthesisThe efficiency of Kb-SIINFEKL generation from the
was inhibited by the addition of cycloheximide and emetine (Sigma,long-lived KEKE-NP-GFP pool can be calculated by tak-
St. Louis, MO) to a final concentration of 25 g /ml each.ing advantage of the fact that the rates of KEKE-NP-
GFP synthesis and degradation approach equilibrium
Immunoblottingby 5 hr postinfection. At this time the rate of synthesis
L-Kb cells (5 105) were lysed in 1 ml 95C SDS-PAGE sample bufferis 3.2  106 molecules hr1. If 31.5% of these molecules
and boiled for 10 min. Serial 2-fold dilutions were made into sample
(1  106 hr1) are short-lived DRiPs, then the net syn- buffer containing uninfected L-Kb cell lysates (5  105 cells/ml) to
thetic rate is 2.2106 hr1, which equals the degradation maintain a constant protein concentration in samples. Samples were
separated in 10%–12.5% SDS-PAGE gels and transferred to PVDFrate. The rate of Kb-SIINFEKL production at this time is
membranes. Immunoblots were incubated with rabbit antibodies6  103 complexes hr1. Of these, we calculate that 1 
raised to a synthetic peptide corresponding to NP2-13. Proteasome103 are generated from the short-lived DRiP fraction (1
immunoblots were probed with a mouse mAb that binds the p29K106 DRiPs degraded with an efficiency of 1 complex
	-subunit (ICN Biomedicals, Costa Mesa, CA). Ribosome immu-
per 994 substrates). The remaining 5  103 complexes noblots were probed with human anti-ribosomal P autoimmune se-
should be derived from the 2.2 106 molecules of KEKE- rum (Immunovision, Springdale, AK). Blots were developed with
horseradish peroxidase-coupled antibodies using a chemilumines-NP-GFP degraded hr1 from the long-lived pool. This
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cent peroxide substrate. Luminescence was recorded on Biomax ATP Consumption
The proportion of cellular energy devoted to protein synthesis inMR film (Eastman Kodak, Rochester, NY), digitized, and analyzed
using ImageQuant software (Molecular Dynamics Inc., Sunnyvale, L-Kb cells was determined by measuring O2 consumption in the
presence or absence of protein synthesis inhibitors as previouslyCA). Standard curves were used to determine concentrations of
corresponding proteins in samples containing lysates from rVV- described (Buttgereit et al., 1992).
infected L-Kb cells.
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